Temperature is an important climate factor that has a direct influence on insect biology and consequently a crucial role in forecasting and integrated pest management. The mealybug Dysmicoccus brevipes (Cockerell) (Hemiptera: Pseudococcidae) is one of the most common species in Brazilian vineyards. Here, development and survival of D. brevipes on leaves of table grapes (Vitis vinifera cv. Itália) were studied at five constant temperatures (15, 20, 25, 28, and 30 ± 1°C) under laboratory conditions. We investigated the developmental time and nymphal survival, temperature thresholds, and the degree-day requirements for each life stage of D. brevipes. The developmental time for the nymphal stage ranged from 32 to 130 days with decreasing the temperature, with the temperatures of 28 and 30°C providing the shorter developmental time. Survival of the entire nymphal stage was affected by the temperature, ranging from 81% at 20°C to 1% at 15°C. The predicted upper lethal temperature was 34.5°C, while the optimal temperature was 28.6°C. The minimum threshold for total development of D. brevipes occurred at 8.2°C. Dysmicoccus brevipes required 678.4 degree-days to complete development from first-instar nymph to adult. The temperature of 30°C was the most suitable for the development of D. brevipes. The thermal thresholds estimated for D. brevipes life cycle suggest that this species can develop in different table grape-producing regions of Brazil, in a temperature range between 8 and 35°C.
Introduction
Pineapple mealybug, Dysmicoccus brevipes (Cockerell) (Hemiptera: Pseudococcidae), is one of the most common mealybugs in the Neotropical region. In spite of its common name, D. brevipes occurs on a wide variety of plants (Williams & Granara de Willink 1992) , infesting roots, leaves, and fruits (Ben-Dov 1994 , Santa-Cecília et al 2007 . In vineyards, similar to other mealybugs that are found in the crop, D. brevipes causes direct crop loss and gradual weakening of vines (Daane et al 2012) by feeding on roots, leaves, and grape clusters. In the latter case, contamination causes cosmetic damage to clusters, due to the excreted honeydew that covers the bunches and leaves and results in sooty-mold growth (Flaherty et al 1992 , González & Volosky 2004 , Daane et al 2008 , 2012 . In Brazil, D. brevipes is one of the most common mealybug species infesting vines and weeds in vineyards (Morandi Filho et al 2015 , Pacheco da Silva et al 2014 . Its presence is associated with reduced marketability of table grapes, which can also compromise international trade due to quarantine restrictions (Daane et al 2012) .
Despite the economic damage caused by D. brevipes, the effects of biotic and abiotic factors on the development of the species remain relatively unexplored, especially on grapevines. Among the abiotic factors, temperature is a determinant for the development of mealybugs (Varikou et al 2010 , Daane et al 2012 . Knowledge of the thermal requirements for D. brevipes development is essential to estimate the seasonal occurrence of the pest in vineyards, its potential growth in different producing regions, and population outbreaks. This is even more important in view of the expansion of grapevine cultivation to different regions of Brazil, especially those in a tropical region (Protas 2016) , and the impact of climatic changes on insect populations (Robinet & Roques 2010 , Ju et al 2015 .
Given that population outbreaks and spread to new production regions can be facilitated by environmental changes, it is essential to understand how populations respond to different thermal conditions and more specifically how they affect life-history traits. To address this, we studied the effect of different temperatures on the development and survival of D. brevipes on table-grape leaves and estimated the temperature range for physiological development. This information will help predict the distribution and occurrence of the pest and to develop strategies for integrated pest management.
Material and Methods

Maintenance of insect colony and host plants
A colony of D. brevipes was initiated in May 2008 using adult females originally collected from roots of infested figs (Ficus carica). The colony was maintained on squash plants (Cucurbita maxima x Cucurbita moschata cv. Cabotiá) in controlled conditions (25 ± 2°C, 70 ± 10% RH, and a photoperiod of 14 L:10 D h).
To determine the thermal requirements of D. brevipes, gravid adult females from the laboratory colony were isolated in petri dishes (diam. 6.0 cm) containing a layer (1 cm) of 3% agar-water and table-grape leaf discs (diam. 3.5 cm) until oviposition. After oviposition, first-instar nymphs (< 24 h old) were individually transferred to table-grape leaf discs (diam. 3.5 cm) (Vitis vinifera cv. Itália) in petri dishes (diam. 4.5 cm) containing a layer (1 cm) of 3% agar-water. The table-grape leaves were collected in Bento Gonçalves, Rio Grande do Sul, in vineyards free from insecticide applications. Mealybugs were transferred to new leaves every 5 days to ensure a supply of fresh food.
Developmental time and nymph survival
Experiments were conducted in incubators at temperatures of 15, 20, 25, 28 , and 30 ± 1°C, 70 ± 10% RH and a photoperiod of 14 L:10 D h, with 100 replicates in each temperature.
The developmental progress was checked every 2 days under a binocular microscope, and the different instars were distinguished based on the occurrence of molted exuviae. The sex of individual mealybugs could not be determined in the crawler stage, so replicates were composed of individuals of unknown sex until the second instar, when males develop a cocoon to complete their development (McKenzie 1967) . The developmental time and survival rates of each stage and of the entire nymphal stage of D. brevipes were recorded. For survival rates, the values reported were calculated based on the number at the beginning and end of each stage.
Temperature thresholds and degree-day calculation
The lower developmental threshold (T T ) and the thermal constant (K, in degree-days) of D. brevipes in different developmental stages were estimated by a linear regression (y = a + bT) that describes the relationship between temperature and developmental rate, where y is the rate of development at temperature T, and a and b are the intercept and the slope, respectively (Haddad & Parra 1984) . The lower developmental threshold was given by -a/b, and the number of degree-days required to complete development was calculated from the reciprocal of the slope of the regression line (1/b).
The upper developmental threshold (T max ) and the optimal temperature (T opt ) were estimated with the non-linear model of Logan et al (1976) . Developmental rates of each stage were adjusted to the model [1/D = ѱ[exp(ρT) − exp(ρT max − (T max − T/ΔT))], and the parameters (ѱ, ρ, T max , and ΔT) were estimated by the non-linear regression, where T is the rearing temperature (°C), ѱ is the maximum developmental rate, ρ is a constant defining the rate at optimal temperature, T max is the lethal maximum temperature, and ΔT is the difference between the optimum developmental temperature and the maximum lethal temperature (Logan et al 1976) . The optimal temperature (T opt ) was estimated as follows: T max − ΔT (Roy et al 2002) .
The numbers of D. brevipes generations (NG) in different table grape-producing regions of Brazil were estimated based on the annual mean temperature of the main producing regions and the thermal requirements of the species. The main producing regions considered were as follows: (i) from temperate areas: Bento Gonçalves, Caxias do Sul (Rio Grande do Sul state), and Marialva (Paraná state); (ii) from tropical areas: Jales (São Paulo state) and Petrolina (Pernambuco state). We considered a generation to be the duration of the nymphal period plus the pre-oviposition period. The pre-oviposition period was standardized at 33 days, based on the mean value obtained at 25°C (Bertin et al 2013) . The calculations were based on the following formula (modified from Groth et al 2017):NG ¼
, where T is the time considered in a year (days), T m is the annual mean temperature of the main producing regions, T T is the lower developmental threshold, K is the thermal constant, and PO is the standardized value of the pre-oviposition period.
Data analysis
Developmental time and survival of immature stages were analyzed by fitting a generalized linear model (GLM) with the lme4 package (Bates et al 2015) . Developmental time was analyzed using a "quasi-Poisson" distribution and survival using a logistic regression (logit link function) with a binomial distribution. The residuals were tested for normality after GLM. Comparisons (Tukey test, α = 0.05) between temperatures were done with the glht function from the multcomp package (Hothorn et al 2008) . All analyses were performed in the software R version 3.2.0 (R Core Team 2016).
Results
No males were observed among the individual nymphs on the vine leaves, regardless of the temperature at which the insects were maintained, indicating the occurrence of thelytokous parthenogenesis. Unless otherwise stated, differences in developmental time and survival rate were significant (all P < 0.001) among the tested temperatures. In the first instar, the longest developmental time was observed at 15°C (Table 1 ). There was a significant difference in developmental time at 15 and 20°C when compared to the warmest temperatures (Table 1 ). In the second instar, the developmental time at 15°C was significantly different from the other temperatures (Table 1) , whereas at the temperatures of 20, 25, and 28°C, there was no difference in this stage, and the developmental time stabilized above 28°C. In the third instar, development at the warmest two temperatures was significantly faster compared with that at the two cooler temperatures, 20 and 25°C (Table 1 ). The developmental time of the third instar at 15°C was based on only one surviving individual, which was not included in the statistical analysis (Table 1 ). The mean duration of the nymphal period of D. brevipes was inversely related to the increase in temperature, and approximately 92% of the reduction in developmental time was explained by the increase in temperature (Table 1 ). The duration of the nymphal stage ranged from 32 (28°C) to 130 days (15°C) ( Table 1) . Temperature also influenced D. brevipes survival. In the first instar, survival ranged from 96 to 99% at temperatures of 20 to 30°C, while at 15°C, only 74% of the nymphs survived (Table 1 ). In the second instar, the survival of the nymphs maintained at 15 and 28°C decreased, while at temperatures of 20, 25, and 30°C, survival was higher than 94% (Table 1) . The temperature of 15°C significantly affected the survival of third-instar nymphs, resulting in a mortality of 95%. Survival of this instar was also reduced at 25 and 28°C, whereas at 20 and 30°C, the highest survival percentages were observed (Table 1) . Survival of individuals during the total nymphal stage was significantly affected by the temperature, ranging from 81% at 20°C to 1% at 15°C (Table 1) .
The lower developmental threshold (T T ) for the life cycle (nymph adult) of D. brevipes was 8.2°C, while for first-, second-, and third-instar nymphs, the base temperature varied between 8 and 9°C (Table 2, Fig 1) . Based on the temperature threshold, D. brevipes needs 678.4 degree-days to complete its development (Table 2 ). The upper developmental threshold (T max ) and optimal temperature (T opt ) for the entire development of D. brevipes were estimated at 34.5°C and 28.6°C, respectively (Table 3, Fig 1) . Based on the annual mean temperature and the lower developmental threshold, the estimated number of annual generations of D. brevipes for the main table grape-producing regions in Brazil ranged from 3 to 5 generations per year (Table 4) .
Discussion
Temperature is considered the most significant environmental factor influencing insect development, survival, behavior, and distribution. The developmental response of insects to temperature can help to predict their occurrence and therefore assist in monitoring and control strategies for pests. In this study, development and survival of D. brevipes on table grapes were significantly influenced by temperature. Development and survival of D. brevipes were favored at the temperature of 30°C, where a higher nymphal survival and a lower developmental time were observed. The developmental time increased as the temperature decreased; however, only 1% of the nymphs survived the lowest temperature studied.
The duration of the second and third instars and the nymphal stage of D. brevipes stabilized at ≥ 28°C. The developmental time of the nymphal stage showed an inverse relationship to temperature increase, varying from 32 to 130 days with the decrease in temperature. The difference in the developmental time of D. brevipes between extremes of temperature was also reported when the life cycle of the species was studied in pineapple, where it ranged from 29 to 58 days at 30 and 20°C, respectively (Colen et al 2000) .
Survival of the immature stages of D. brevipes was also significantly affected by the temperature. Mortality of the nymphal stage at 15°C reached approximately 99%; however, under natural conditions, mealybugs are not subjected to constant temperatures and can protect themselves in more suitable microclimates, such as under the bark of the trunk, between leaves, and in bunches of grapes, enabling them to develop even at lower temperatures (Geiger & Daane 2001 ). Survival at 28°C also decreased after the first instar, which would be unexpected, since the temperature of 28°C was the optimal temperature estimated by the non-linear model. We can not rule out the possibility of a problem with our incubator during the experiment, even though the temperature was checked daily. A sudden rise in temperature, even for a few hours, could have caused the death of the mealybugs.
Based on the life-cycle duration and viability, the temperature of 30°C was the most favorable for the development of D. brevipes. At 30°C, developmental time was shorter and survival of nymphs was higher, indicating that D. brevipes could survive and develop in tropical regions (Williams & Granara de Willink 1992) . As for D. brevipes, the development and survival of Planococcus ficus (Signoret) (Hemiptera: Pseudococcidae) on table grapes were also favored by the constant temperature of 30°C (Varikou et al 2010) . The lower developmental threshold estimated for the biological cycle of D. brevipes, as well as the upper developmental threshold, suggests that the species can survive and develop in the different table grape-producing regions in Brazil, because the thermal range for development is quite broad. Temperatures higher than the upper developmental threshold can occur in the different table grapeproducing regions in Brazil; however, as mentioned before, mealybugs have the ability to shelter in more-suitable microclimates (Geiger & Daane 2001) .
In addition to temperature, inherent characteristics of the species and the nutritional quality of the host plant on which the insects were maintained can affect their thermal constants (Bergant & Trdan 2006) . This is evident when the lower developmental threshold of D. brevipes on vines is compared to those obtained when the insect was reared on pineapple, where the values for first, second, and third instars and nymphal period of females (13.9, 6.1, 2.5, and 9.5°C, respectively) differ from our work (Colen et al 2000) , Table 1 Developmental time (±SE, days) and survival rate (±SE, %) for each developmental stage of Dysmicoccus brevipes on leaves of "Itália" showing the influence of the host plant on the mealybug development. The difference in values obtained on different hosts can also be related to the adaptation of populations to the climate conditions in their place of origin, to the difference in the photoperiod used in the experiments (Trudgill et al 2005 , Bergant & Trdan 2006 , and to the method used to estimate the developmental thresholds. In addition, developmental time and survival rates might differ if mealybugs are raised on whole leaves or plants. According to Honek (1996) , the lower developmental threshold may also decrease with increasing latitude, since species living closer to the tropics have a base temperature (mean 13.7°C) higher than those inhabiting the subtropical (mean 10.5°C) and temperate zones (mean 7.9°C).
According to the values of the lower developmental threshold and the number of degree-days required for D. brevipes to complete its development, the estimated number of annual generations for the main table grape-producing regions in Brazil ranged from 3 to 5. These estimates need to be validated in the field, because in addition to temperature, other factors can influence the establishment and adaptation of populations, such as the humidity, presence of natural enemies, cultural practices in the vineyards (Geiger & Daane 2001; Cid et al 2010) , and host plants (Bertin et al 2013) . To date, D. brevipes has been reported only in vineyards in the states of Rio Grande do Sul and Pernambuco (Pacheco da Silva et al 2014, 2017); however, our results indicate that the species could likely develop in other table grape-producing regions, like for instance, in the states of Paraná and São Paulo.
We would recommend growers to inspect vineyards for the presence of wet areas on the bark and leaves and also for the presence of sooty mold, which may be an indication of the presence of mealybugs. If mealybugs are detected, the removal of infested leaves and bunches may prevent spreading of mealybugs to other non-infested plants in the vineyard. If necessary, control measures should be applied only to infested plants. Monitoring of the mealybugs in vineyards should be intensified in warmer seasons when mealybugs tend to move from under the bark of the trunk to the new shoots and leaves.
The thermal requirements determined in this study can help in understanding the population dynamics of D. brevipes in vineyards, as well as in predicting population peaks, indicating when sampling for population monitoring should be initiated or intensified, or at what time control should be employed. In addition, this information can assist in the optimization of laboratory rearing and in the establishment of future biological control programs, where knowledge of the thermal requirements, together with sampling the population in the field, will allow predicting the most appropriate period for parasitoid release. 
